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Abstract
Due to the low demand and the need to introduce other production lines in the floor, the medical
devices company wants to optimize the utilization of space and manpower for the occlusion
system product. This thesis shows the approaches and methodology used to reduce the occlusion
system's floor area from 1528 ft2 to 1052 ft2. Also, it provides a detailed analysis of the
manpower at the occlusion system assembly lines. The analysis includes different models that
were developed and simulated using different number of available operators and batch sizes. The
results show the maximum production rate for each subassembly using the existing production
benches, tools, and equipment. Furthermore, a manpower model was recommended for each
subassembly of the occlusion system along with the necessary cross training requirements based
on the current average demand.
Disclaimer: All names and codes presented have been disguised to protect the confidentiality of
the company.
Key words: Lean Manufacturing, Floor Area Reduction, Manpower Analysis, Production Rate,
Cross Training, and Manpower Utilization.
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1. Introduction
This thesis was prepared in partial fulfilment of the requirements for the degree of Master of
Engineering in Manufacturing at the Massachusetts Institute of Technology (MIT). It is based on
a three-month group project at a medical devices company aiming to achieve certain objectives
that will help to enhance the manufacturing process of one of its products. As per the signed Non
Disclosure Agreement, the company, products, subassemblies, procedure names and codes will
be either kept anonymous or given different names.
There were five main objectives of the project; four of them were pursued individually by each
team member and one was a collaborative effort by the author of this thesis along with the rest of
the team. Therefore, this thesis is divided into two main parts: common and individual. The
common part was about the floor area reduction of the production lines of the occlusion system
product and it is introduced in section 1.1. The individual part was about the manpower analysis
of the same production lines, which is introduced in section 1.2.
In addition, a brief description of the related theses is shown in section 1.3. Sections 1.4 and 1.5
introduce the production lines of the occlusion system product and its current manpower status.
1.1. Thesis Common Part: Floor Area Reduction of the Occlusion System
The common part of the thesis covers the reduction of the floor area of the occlusion system
product by one third of its original area. As mentioned earlier, this objective was pursued by the
team members and includes: analysis of the current layout, different proposals for the new floor
layout, new replenishment strategy for the different components, and the selection of one of the
proposed designs.
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1.2. Thesis Concentration: Manpower Analysis
Beside the common part, this thesis focuses on the analysis of the current manpower and the
corresponding production rate for each subassembly of the occlusion system product. This
concentration shows the maximum production rate that can be achieved for each subassembly
with the minimum manpower at certain workforce distribution. In addition, it includes other
simulations for different manpower levels, distributions, and batch sizes. The outcome of this
model helps the management of the occlusion system product to forecast the future manpower
and cross training requirements based on the future demand. In addition, this objective covers
suggestions to increase the efficiency and flexibility of the production line.
1.3. Related Theses
Other related theses done by the rest of the team members cover the following concentrations:
The new strategy to decentralize the Supermarkets (storage places for the occlusion system's
components) is discussed in Tianying Yang's thesis. It covers a replenishment plan to minimize
parts inventory on the floor where appropriate [1].
Analysis of the company's current system of visual management and revising the current system
to track key performance indicators is covered in Zhuling Chen's thesis [2].
Cycle time analysis of the current layout as well as introducing a process map for the new layout
is discussed in Jennifer Peterson's thesis [3].
L4. Occlusion System's Production Line
The occlusion system product consists of four main subassemblies: the catheter, the syringe, the
sheath, and the accessory. These subassemblies are produced at dedicated lines in the production
floor and combined together in one kit at the packaging area. Moreover, its manufacturing space
occupies an area of 1528 square feet that includes, beside the physical objects, the necessary
aisle space.
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As shown in Figure 1-1, the production area's current layout consists of seven rows of
production benches, computer desks, cabinets, and shelves. Most of the equipment is placed on
the production benches however some equipment is placed to the side, above, or below. Each
production bench is dedicated to particular assembly procedures.
Figure 1-1: Occlusion System's Floor Layout
All of the manufacturing processes are manual and require a high degree of operator interface
and skill. The line measures and tests the product's performance as well as manufacturing the
product. Most of the processes require table top machinery and fixtures.
The catheter subassembly consists of many different materials and subassemblies. It is the most
complex assembly in this product. The syringe and the accessory subassemblies are mainly made
of injection molded parts, and require different manufacturing operations compared to the
catheter and sheath. The different subassemblies are produced on dedicated manufacturing lines.
As shown in Figure 1-2, the catheter line consists of 22 production benches, distributed along
four rows of benches. The total line length used for the catheter is 120 feet. The equipment used
for the catheter assembly include many microscopes, laser micrometers, ultraviolet light source
machines, ultrasonic cleaning machines, an EDM machine, hotboxes, and an oven. The current
operations require space for the long catheter to lay flat on the production benches.
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Figure 1-2: Production Benches of the Catheter
The accessory subassembly line is shown in Figure 1-3 and has six production benches all in one
row, with a line length of 29 feet. The equipment used for this subassembly include an ultraviolet
curing machine, presses, fume hoods, and screwdrivers.
Figure 1-3: Production Benches of the Accessory Subassembly
Figure 1-4 shows the syringe subassembly line, with three production benches all in one row,
with a line length of 20 feet. Equipment used for this line includes fume hoods, presses, and
screwdrivers.
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Figure 1-4: Production Benches of the Syringe Subassembly
The sheath has two production benches for a total line length of 12 feet. Much of the equipment
is specialized for just this assembly, including a microscope and hotboxes.
Figure 1-5: Production Benches of the Sheath Subassembly
There are two supermarket areas in the production floor (Figure 1-6). The total length of the
supermarket areas is 6 feet.
13
Figure 1-6: Supermarket Areas
Figure 1-7 shows the other areas include computer desks, cabinets, chemical storage areas, along
with other miscellaneous items. The total length of these other areas is 30 feet and is split up
among all of the rows.
Figure 1-7: Other Non-Production Areas
14
Table 1-1 summarizes the floor description that was discussed in this section.
Table 1-1: Current Occlusion System Layout Data
1, 2,3 & 4 22 120
5 6 29
6 4 20
4 2 12
5 and 7 N/A 6
All N/A 30
Total 34 217
1.5. Current Manpower Status
There is only one shift of operation at the occlusion system production line. The shift starts at
6:45AM and ends at 2:45PM (8 hours). The line is in production during 5 days/week (Monday -
Friday). Depending on the demand, the number of operators at this line ranges from 4 to about
11. The daily demand fluctuated between 20 to 55 units during the team's time at the company
and the average demand was around 25 units/day for the past 6 months.
Most of the time, there are 4 operators working on the catheter subassembly, 2 on the accessory,
2 on the syringe, and 1 on the sheath. Some of the operators are qualified to perform different
assembly procedures and can work at different subassemblies lines. For example, there is full
flexibility between the syringe and accessory subassemblies; all operators working at one line
can work at the other line. On the other hand, the operators working at the catheter subassembly
are dedicated to that subassembly only and are not trained to work at different subassemblies.
The current training status is shown in Table 1-2.
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Table 1-2: Current Manpower and Cross Training Status
Operator-i Yes Yes No No
Operator-2 Yes Yes No No
Operator-3 Yes Yes No ] No
Operator-4 Yes Yes No No
Operator-5 No Yes Yes No
Operator-6 No No No Yes
Operator-7 No No No ' Yes
Operator-8 No No No Yes
Operator-9 No No No Yes
Operator-10 No No No Yes
Operator-l [ No No No Yes
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2. Problem Statement
As highlighted earlier, two objectives are discussed in this thesis; the occlusion system's floor
area reduction and its manpower analysis. In this chapter, the requirements of both scopes are
discussed as well as the constraints for each of them.
2.1. Occlusion System's Floor Area Reduction
One key objective of this project, which was a group task for MIT team, is to reduce occlusion
system footprint by one third of the original area as the space is too large for the volumes
produced. The space is needed to introduce new production lines for a future product.
This project allows the team to adjust the following:
e Tooling and fixtures.
" Process flow and working benches for the catheter, accessory, syringe, and sheath
subassemblies.
There are certain areas and aspects that are out of scope for this project; in particular, those
outside the floor layout include the following:
* The coating and packaging areas.
e This product is a FDA regulated medical device. The team must avoid new regulatory
filings caused by changes to the design specifications or materials.
2.2. Evaluation Criteria and Constraints of the Occlusion System Floor Reduction
The main evaluation criterion will be the amount of space reduced in square footage. However
the freed-up space must be usable to the company, meaning that the space should be large
enough to place the benches of the new production line. In addition the space saved should be
contiguous and on the outside of the design to allow access to the space. The company prefers
17
solutions with low cost. Such cost may include purchasing of new working benches with desired
size, accessories for working benches (like bin rails and upper shelves), and new cabinets.
Purchases for the new layout should justify their benefit in terms of space saved.
When designing the new layout, all aspects related to the production system are considered to
maintain reasonable efficiency of the line. Cycle time should not be compromised in order to
fulfill the maximum demand of the product. Parts replenishment should be as efficient as before
to prevent shortages in the product's components. The place of the components bins should be at
the most accessible locations. The new layout should also provide flexiblity in manpower
allocation on the line for varying demands. In addition, it should comply with the company's
safety standards, espcially when it comes to the minimum widths for the emergency exit paths (3
feet) and aisle between production rows (4 feet). Lastly, the movement should be performed with
the minimum distraction to the occlusion system product and other adjacent production lines.
2.3. Manpower Analysis
Beside saving the space to be utilized for another product's lines, there was a need for manpower
to run them by utilizing internal resources without effecting the performance of other production
lines. Therefore, the company requested a detailed manpower analysis for the occlusion system
production line. The outcome of this analysis was expected to provide an overview of the
production capacities at different manpower levels through simulation models based on the
standard and observed times for each assembly procedure. Moreover, the findings were
anticipated to provide the most efficient batch sizes for each manpower level at the different
subassemblies. In addition, the company wanted to have a tool to forecast the future manpower
and cross training requirements based on the demand of the occlusion system.
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2.4. Constraints and Assumptions for the Manpower Analysis
The following limitations and assumptions were considered while simulating the different
manpower models for each subassembly:
" For 6ft and 5ft working benches: a maximum of 2 operators can be assigned to each
bench.
e For 4ft and 3ft working benches: no more than 1 operator can be assigned to each bench.
" Each assembly procedure can be done only by one operator. This will help for quality
tracking purposes. Also, adding more operators to do the same assembly procedure will
not help to reduce the duration of the procedure in most cases.
" Each operator is assumed to spend 6 hours per day in production activities. The other two
non-productive hours are spent in breaks and other activities.
" The assembly procedures for each subassembly are assumed to take place in series, which
is the case at the production floor.
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3. Literature Review
This chapter provides some background about the methodology followed to achieve the two
objectives of this thesis. The medical devices company adopts lean manufacturing methodology
in most of its studies and projects. Therefore, sections 3.1 through 3.6 discuss previous work and
approaches related to lean manufacturing. Sections 3.7 through 3.9 provide information and
definitions about system capacity, cycle time, and production flexibility.
3.1. Lean Manufacturing
Lean manufacturing is a manufacturing philosophy that focuses on continuous improvement and
reduction of waste. The system encourages maintaining a smooth flow throughout the
manufacturing process. It reduces the amount of inventory in the system, thus shortening the
cycle time and reducing the cost of work-in-progress parts. The concept was derived from the
Toyota Production System in late 20t century. It was discussed by John Krafcik [4], Krafcik
introduced two new terms: buffered and lean production systems. He mentioned how the
production systems of most Western producers after World War II were buffered against almost
any problem with high component and finished goods inventory levels. Some of the important
elements of lean manufacturing are: inventory management, set-up reduction for flexible
capacity, cell design and Kaizen [5].
3.2. Inventory Management
Inventory management objective is to reduce inventory at warehouse and work-in-progress
inventory. Process flow is designed to have the same cycle time. Working parts are passed to the
next stage at the same time the next process is available. Line balancing is applied in order to
equalize the takt time for each process. The system is tuned to be reliable, embedded with
mechanisms to self-correct, so that the process flow is smooth without disruption by defects. In
order to reduce inventory levels, a pull system is created with Kanban cards to indicate the status
of the system. As a result, timely replenishment can be achieved and lower inventory levels are
required on the floor [5].
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3.3. Set-up Time
Shorter set-up time reduces the downtime during changeovers, making it less costly in terms of
time to manufacture another product, thus increasing line flexibility [5].
3.4. Cell Design
Cell design features sequential operations. Machines and tools are grouped according to the
family of parts being produced in the line. One part is produced while moving around the cell. In
doing so, one-piece flow is achieved, improving material flow and significantly reducing
cumulative lead time [5].
3.5. Kaizen
Kaizen is a daily process, focusing on continuous improvement of business. The current
operation is reviewed on a daily basis to eliminate waste and improve process reliability. It
requires constant engagement of workers as well as management in the organization. The culture
of continuous improvements leads to significant overall productivity improvement [5].
Womack stresses the importance of creating value for the customer [6]. All these tools and
methods outlined above can help to create value. The objectives of the lean enterprise are to
correctly specify value for the customer across the firm, to identify all the actions involved in the
product, and to remove any actions which do not create value. In addition Womack stressed the
continuous process of lean manufacturing: once you fix a process, fix it again.
3.6. DMAIC
DMAIC was developed as a problem-solving procedure in the Six Sigma approach that guides a
project by evaluating root causes of problems and implementing best practices to improve those
processes. DMAIC consists of five steps, namely define, measure, analyze, improve and control.
The five steps are conducted in sequence and can be used as milestones for project management.
The define phase is to identify valid improvement opportunity, clarify critical customer
requirements and establish a project charter to define project goals. The measure phase is to
determine what variables to measure, collect data in a planned manner. In the analysis phase,
collected data is analyzed to determine process capability, throughput and cycle time.
Hypotheses are made to verify root causes for variation. After hypotheses are established, the
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improve phase generates potential solutions based on data analysis and actions are taken to
evaluate the validity of solutions. The final solution is reached in this phase and approval for
implementation takes place. In the control phase, attentions are paid to monitor and control
critical outputs. Continuous improvements are made to avoid mistakes in the system [7].
3.7. System's Production Rate and Capacity
S. B. Gershwin defined the production rate for a manufacturing system as the number of
produced parts during certain time period. On the other hand, the capacity refers to the maximum
production rate that can be achieved by the system. The capacity concept becomes more
complicated for systems that produce different parts due to (a) the different utilization of
production recourses; (b) the production of one type will be at the expense of the production of
other types; (c) the variation in the capacity due to availability of resources at different times;
and (d) the time period considered to observe the system's capacity, where short time periods do
not provide good approximation of average reliability and set up time for different equipment in
the system [8].
3.8. Cycle Time
Cycle time is defined as the average time that is spent by a part in a manufacturing system.
Minimizing the cycle time will result in lowering the work in progress inventory and increasing
the customer service levels [8].
3.9. Production Flexibility
Production Flexibility refers to the ability of doing more than one task by a system. Moreover, it
can be divided into two types: product flexibility and process flexibility. Product flexibility is the
ability of a manufacturing system to produce more than one type of products with minimal
expenses and time loss. Process flexibility is the ability of a manufacturing system to produce the
same part through different ways [8].
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4. Methodology
This chapter is divided into two main sections. The first section (4.1) covers the methodology
of the first objective of the thesis (floor area reduction), while the second section (4.2) covers
the same subject but for the second objective (manpower analysis).
41. Occlusion System Floor Area Reduction Methodology
The first part of this chapter will cover the approaches followed to achieve the floor reduction
scope. Beside DMAIC methodology, which was the general methodology followed for this
scope and described in Chapter 3, there are other tactics followed to achieve this scope.
Subsections 4.1.1 through 4.1.4 discusses the developed CAD model for the floor, product
family matrix, benches detailed survey, and the approaches that were followed to come up with
different design proposals for the new layout.
4.1.1. Modeling
SolidWorks, which is a computer aided design software, was used to develop a three
dimensional model for the current floor layout in order to simulate the new proposals and
validate them without the need of physical movements on the floor. The model is of real scale
and important dimensions including critical aisle distance, back to back distance and safety
width to the emergency exit on the right bottom of the layout.
The SolidWorks model includes four categories that are described below:
23
Production floor area with boundary walls: the pink highlighted area in Figure 4-1
represents outer aisle of the production area. Darker floor represents where benches are located.
Figure 4-1: Floor area and Boundary Model
Workbenches: the workbenches used are Phoenix Workbenches. Original models are not
available from the company so benches were constructed from measurement. Five different sizes
of workbenches are used in this production area: 2.5, 3, 4, 5 and 6 foot benches. A six foot long
bench model is shown in Figure 4-2.
Figure 4-2: Table Model - 6 ft Long
Apparatus: To simplify the modeling process, most apparatus were modeled as a block with
length, width and height. Apparatus include force test equipment, leakage test equipment,
microscope, laser micrometer, ultrasonic cleaner, etc. All the apparatus are located on the
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corresponding workbench as they appear on the floor. A fume hood model is shown in Figure 4-
3 as an example.
Nonproduction parts: computer desks, file cabinets and supermarkets belong to nonproduction
parts. A model of one supermarket is shown in Figure 4-4.
L
Figure 4-3: Fume Hood Figure 4-4: Supermarket
The model of the whole original layout is shown in Figure 4-5. The empty benches are other
productions lines indicating the boundary of the production area. The distances between lines
were carefully measured to reflect the real operation space for the operators.
Figure 4-5: Original Layout Model
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4.1.2. Product Family Matrix
There are over 22 different machines used to manufacture the parts of the occlusion system. The
product family matrix classifies those machines and groups them according to their type and
location on the floor. The matrix helps to identify opportunities to reduce the floor space by
combining equipment with similar uses and production lines. Table 4-1 shows the product family
matrix for the occlusion system. It is clear that the syringe and accessory subassemblies use
similar tools and equipment. Also, the catheter subassembly has 20 microscopes that can be
shared.
Table 4-1: Occlusion System's Product Family Matrix
20 2 3 5 3
I
2
3 2
3
2 1
Lull 20 4 4 5 4 5 5511 I5 ]W
4.1.3. Asset list with dimensions
In order to build accurate floor model and to ensure smooth movement process, the whole
equipment and tools at the occlusion system floor were surveyed. Beside the physical
dimensions, the survey included the current location, voltage, and air requirements for each
asset. Table A-1 in the appendix shows the detailed findings of this comprehensive survey.
4.1.4. Approaches
In order to design new layouts, different approaches were considered. These approaches can be
described as the general directions followed by the team to reduce the production floor area. The
subsections below briefly describe the guiding principles used in this project.
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4.1.4.1. Removing non-production items
Production items are ones that are directly associated with production and assembly, including
working benches at which operations are performed and spaces at which production equipment is
placed. Those spaces are used to add value to the product itself. Non-production items are not
directly involved in value adding but are located on the production floor. They include cabinets,
refrigerators for chemical storage, computer desk and so on.
Cabinets are very common on the floor. Some cabinets store files for maintenance technicians,
production records while others store consumables and used as temporary storage spaces for
work-in-progress parts. Cabinets take up considerable space on the floor and the majority of the
stored items have no direct relation with the production.
Refrigerators are placed on the production line to store chemicals, such as glues, when those
items require storage at low temperature. Glues are small items compared to the size of fridge
and the consumption rate is low.
Computer desks are placed on the floor for various purposes. The safety trainer is stationed on
the floor using computer to track safety documents. Computers for technicians are placed on the
floor as office spaces. Other computers are used for the operators to log production records.
Although each computer serves a purpose on the floor, it was noticed that none of the computers
is being used in full time. In addition, it was verified by the management that it is not a
requirement to keep such desks on the production floor.
Table 4-2 summarizes the number of production and non-production items on the floor. The
number of production items including working benches and supermarket is 35 and the number of
non-production items is 11. That is, non-production items consist around 25% of total objects on
the floor. Therefore, sorting out and removing non-production items from the floor will increase
the utilization of production space.
Table 4-2: Number of Production and Non-Production Items in the Occlusion System's Floor
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4.1.4.2. Supermarkets Decentralization
In the original layout, there are two centralized supermarkets on the production floor for the
different subassemblies (refer to Figure 2-6). Bins are placed on a shelf with Kanban cards
showing part number and name. Operators obtain parts from supermarket every morning.
Warehouse personnel collect Kanban cards of parts with low inventory levels at the end of the
day and deliver the needed parts on the next morning. The centralized supermarket makes it easy
for inventory management. Because all inventory parts are located in one place, warehouse
personnel do not have to deliver parts to each working bench. On the other hand, centralized
supermarket takes up a lot of space: part of row 5 and half of row 7 are used as supermarkets. In
addition, since parts are not at the place where they are used, operators have to go to the
supermarket to obtain needed parts and store them on the floor, which results in additional
inventory created on the working benches.
Opposed to the centralized inventory concept, there is another strategy to locate the inventory at
the place it is used at. There are two ways to place inventory bins: on the shelf or attaching it to
bin rail. Each working bench has a shelf for placing documents and bins. However, the elevation
of the shelves could require certain operator's height to reach it. On the other hand, bin rail are
long plastic strips that are fixed at the back of working benches and they are more accessible
compared to the shelves. In fact, a decentralized inventory system meets the project's objective,
as it takes no space on the floor to store inventory.
4.1.4.3. Consolidating equipment
As shown in the product family matrix (Table 4-1), various types of equipment are used on the
production lines, from optical microscope to screwdrivers. The number of operators on the
occlusion system's production line is in the range of 4 to 11, which indicates a good opportunity
to consolidate some of the equipments since many of them are idle for significant amount of
time. However, before consolidation, every equipment should be technically reviewed to ensure
having the same performance compared to the one to be consolidated with. The technical review
was conducted by the quality engineer and technician from the company.
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A good example of the utilization of the product family matrix was with the syringe and
accessory production lines. Many tools and equipment utilized by these two subassemblies were
observed to be similar. Both lines require fume hoods, press machines, adhering machines, and
screwdrivers. All operations on the syringe and accessory lines are manual assembly. This
similarity suggests that one set of that equipment can be utilized to perform both syringe and
accessory operations, although only one can be performed at one time at the expense of cycle
time. However, this will eliminate one production line completely and save considerable space
for this project. One design based on this finding will be discussed in the Chapter 5.
4.1.4.4. Changing benches configuration
As discussed in earlier, the original layout consists of 7 lines of benches. Material flows along
lines sequentially. This layout has a simple process flow but the aisle space between each line is
significant.
Another approach is to explore alternative line configurations besides the original layout in order
to have better process flow and to increase the space utilization. One common manufacturing
layout is the U-cell design which was utilized in one of the proposed layouts, which will be
discussed in Chapter 5.
4.2. Manpower Analysis Methodology
The second part of this chapter will cover the approaches followed to analyze the manpower of
the occlusion system's production lines. Subsections 4.2.1 through 4.2.2 will discuss the process
flow maps that were generated for each subassembly and the simulated manpower models.
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4.2.1. Process Flow Maps
Process flow maps were important tools to understand, analyze, and simulate the manpower
models at the company. They provide information about the time and location of each assembly's
procedures as well as their sequences.
Measurements were made on the floor of individual processes. The measurements taken were
both for the operations on one piece as well as the operations on the entire batch size. The
measurements were compared with the existing standard data the company already has to ensure
accuracy. Figures 4-6 through 4-9 show the process flow maps for the different subassemblies.
The letter E following by a number is used as a notation for each assembly procedure. For
example, El refers to the first assembly procedure in each subassembly. The maps show the
duration of each assembly procedure in minutes for one part. Moreover, they show the location
of each assembly procedure with coded numbers representing the working bench. The location of
each bench can be identified using Figure 4-10.
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Figure 4-6: Process Flow Map-Catheter Subassembly
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4.2.2. Manpower Models
Manpower models were developed using MS Excel for the different subassemblies in the
occlusion system production lines. The main inputs to the models were the duration of each
assembly procedure, number of available operators along with their distribution, and the batch
sizes.
The number of operators was varied at each subassembly to calculate the maximum production
rate for each subassembly. While varying the number of available operators in the model, the
following factors were considered in their distribution at each subassembly:
* The distribution of the operators should result in the minimum duration for the bottle
neck of the process.
" When assigning different assembly procedures to an operator, it is preferred to have
them at the same or adjacent bench(es), therefore, no travel time will be added.
" When assigning different assembly procedure to an operator at different rows, 60
seconds should be added for the travel time between adjacent rows, and 75 seconds
should be added if the rows are not adjacent.
The batch sizes were selected considering the following factors:
* Minimizing the travel frequency for the operators between benches in order to reduce the
overall travel time.
* Optimal capacity utilization of the tools and equipment. For example, if the equipment
can handle 10 parts at each operation, then the batch size is set to 10.
In each model, the required time to produce different number of parts at each subassembly was
calculated by adding the duration of each procedure and the waiting time for different batch
sizes.
The following subsections show the models that were simulated for each subassembly. Each
model contains a column titled "Location" to indicate the bench at which each procedure is being
performed. Figure 4-10 serves as a key for the codes entered in that column. Moreover, the
simulation output is presented and discussed in Chapter 5.
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Catheter - Sheath Accessory Syringe Non-Production
Figure 4-10: Occlusion System's Benches Numbering
4.2.2.1. Syringe subassembly
For the syringe subassembly, assembly procedures El through E8 were simulated with different
number of available operators (ranging from 6 operators to 1 operator). The maximum number of
operators was set to 6 because there are three 5 ft working benches with a maximum of 2
operators that can be assigned to a bench (as per the constraints described in section 2.4). Since
some of the tools can handle 3 in-process parts at the same time, the batch size was fixed to 3.
There was no need to simulate different batch sizes for this subassembly because having batch
size # 3 will result in increasing the cycle time for this subassembly especially when there is no
setup change time. Tables 4-3 through 4-8 summarize the simulated models for the syringe
subassembly.
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Table 4-3: Manpower Model for the Syringe Subassembly-6 Operators (Model SY-6)
El 6.4 1.33 Operator-i
E2 6.4 1.15
E3 6.4 j 1.1 Operator-2
E4 6.3 2.58 Operator-3
E5 6.3 1.66 Operator-4
E6 6.2 1.7 Operator-5
E7 6.2 2.35
E8 6.2 0.92 Operator-6
* For 1 part.
In this model (SY-6), 2 operators are already assigned to each working bench; no more operators
can be added beyond this number. Procedure E7 and E8 assigned to operator-6 will be the bottle
neck for this process as they take 3.27 minutes. In fact, this manpower distribution results in the
lowest possible bottle neck based on the assumptions and constraints that are mentioned in
sections 2.4 and 4.2.2. Moreover, the results that will be obtained from this model will
correspond to the maximum production rate for the existing layout.
Table 4-4: Manpower Model for the Syringe Subassembly-5 Operators (Model SY-5)
El 6.4 1.33 Operator-1
E2 6.4 1.15
Operator-2
E3 6.4 1.1
E4 6.3 2.58 Operator-3
E5 6.3 1.66
Operator-4
E6 6.2 1.7
E7 6.2 2.35
E8 6.2 0.92 Operator-5
* For 1 part.
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In this model (SY-5), procedure E5 and E6 were assigned to operator-4, and they will be the
bottle neck for the assembly process with a total time of 3.36 minutes. This manpower
distribution results in the lowest possible bottle neck based on the assumptions and constraints
that are mentioned in sections 2.4 and 4.2.2.
Table 4-5: Manpower Model for the Syringe Subassembly-4 Operators (Model SY-4)
El 6.4 1.33
E2 6.4 1.15
E3 6.4 1.1
Operator-1
E4 6.3 2.58 Operator-2
E5 6.3 1.66
11 Operator-3
E6 6.2 1.7
E7 6.2 2.35
_____________I itOperator-4
E8 6.2 0.92
* For 1 part.
In this model (SY-4), procedure El, E2, and E3 were assigned to operator-1, and they will be the
bottle neck for the assembly process with a total duration of 3.58 minutes. Again, this manpower
distribution results in the lowest possible bottle neck based on the assumptions and constraints
that are mentioned in sections 2.4 and 4.2.2
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Table 4-6: Manpower Model for the Syringe Subassembly-3 Operators (Model SY-3)
In this model (SY-3), the duration of the assembly procedures assigned to operators-1, 2, and 3
are 3.58 minutes, 4.24 minutes, and 4.97 minutes respectively. The procedures assigned to
operator-3 will be the bottleneck in this model.
Table 4-7: Manpower Model for the Syringe Subassembly-2 Operators (Model SY-2)
El 6.4 1.33
E2 6.4 1.15
E3 6.4 1.1
E4 6.3 2.58
Operator-i
E5 6.3 1.66
E6 6.2 1.7
E7 6.2 2.35 Operator-2
E8 6.2 0.92
* For 1 part.
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E2 6.4 1.15
E4 6.3 2.58
Operator-2
E5 6.3 1.66
E6 6.2 1.7
E7 6.2 2.35 Operator-3
E8 6.2 0.92
* For 1 part.
El 6.4 1.33
Operator-1
E3 6.4 1.1
In this model (SY-2), operator-1 performs procedures E-1, E2, E3 and E4 with a total duration of
6.16 minutes per part. Procedure E5, E6, E7, and E8 are assigned to operator-2, and they will be
the bottle neck for the assembly process with a total duration of 6.63 minutes per part.
Table 4-8: Manpower Model for the Syringe Subassembly-1 Operator (Model SY-1)
El 6.4 1.33
E2 6.4 1.15
E3 6.4 1.1
E4 6.3 2.58
-- Operator-1
E5 6.3 1.66
E6 6.2 1.7
E7 6.2 2.35
E8 6.2 0.92
* For 1 part.
In this model (SY-1), all the assembly procedures
the duration to assemble one part of the syringe.
are assigned to operator-1. This will result in
4.2.2.2. Accessory subassembly
For the accessory subassembly, assembly procedures El through E8 were simulated with 3
operators, 2 operators, and 1 operator working on the production line. The models of this
subassembly were simulated with a batch size = 1 and 25. A batch size of 1 was set for the 3-
operator model because there are no travel or setup times required by the operators and because
there is no equipment in the production line that can handle more than one part at any time. For
the other models, a batch size of 25, which corresponds to the average daily demand, was used to
minimize the travel time between benches. Tables 4-9 through 4-11 summarize the simulated
models for the accessory subassembly.
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Table 4-9: Manpower Model for the Accessory Subassembly-3 Operators (Model AC-3)
5.1
9 I
3.4
Operator-i
E3 5.2 8.0 Operator-2
E4 5.3 0.47
E5 5.3 0.42
E6 5.4 0.52 Operator-3
E7 5.4 1.96
E8 5.5 0.03
* For one part.
As we can notice from the table, adding more operators to this model (AC-3) will not improve
the production rate because assembly procedure E3 continues to be the bottle neck and it can be
done by one operator only as mentioned in section 2.4.
Table 4-10: Manpower Model for Accessory Subassembly-2 Operators (Model AC-2)
El
E2
5.1 3.4
9 I
5.1 0.67
Operator-i
E3 5.2 8.0 Operator-2
E4 5.3 0.47
E5 5.3 0.42
E6 5.4 0.52 Operator-i
E7 5.4 1.96
E8 5.5 0.03
For one part.
The bottle neck for this model (AC-2)
2 with a total duration of 8 minutes.
will be again procedure E3, which is assigned to Operator-
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E2 5.1 0.67
Table 4-11: Manpower Model for Accessory Subassembly-1 Operator (Model AC-1)
* For one part.
In this model (AC-1), all the assembly procedures were assigned to operator-1. This will result in
the lowest production rate for the accessory subassembly.
4.2.2.3. Sheath subassembly
Since there are only three assembly procedures, the models for the sheath subassembly were
simulated with 3 operators, 2 operators and 1 operator working on the production line. The
models of this subassembly were simulated with a batch size = 1. This is because there is no
equipment in this production line that can handle more than one part at any time and there is no
setup time required at any procedure. Tables 4-12 through 4-14 summarize simulated models for
the sheath subassembly.
Table 4-12: Manpower Model for the Sheath Subassembly-3 Operators (Model SH-3)
El 4.5 1.7 Operator-1I
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El 5.1 3.4
E2 5.1 0.67
E3 5.2 8.0
E4 5.3 0.47
1Operator-i
E5 5.3 0.42
E6 5.4 0.52
E7 5.4 1.96
E8 5.5 0.03
E2 4.4 1.63 Operator-2
E3 4.4/4.5 0.5 Operator-3
* For one part.
In this model (SH-3), the bottle neck for the process will be procedure El. Moreover, no more
operators can be added beyond 3, because, each procedure can be done by one operator as
mentioned in section 2.4.
Table 4-13: Manpower Model for the Sheath Subassembly-2 Operators (Model SH-2)
* For one part.
The bottle neck for this model (SH-2) will be procedures E2 and E3 assigned to operator-2 with
a total time of 2.13 minutes.
Table 4-14: Manpower Model for the Sheath Subassembly-1 Operator (Model SH-1)
4.5
4.4
4.4/4.5
1.7
1.63
0.5
Operator-1
El
E2
E3
*For one part.
In this model (SH-1), all the assembly procedures were assigned to operator-1. This will result in
the lowest production rate for the sheath subassembly.
4.2.2.4. Catheter subassembly
The catheter subassembly is the most complicated one in the occlusion system product, as
highlighted earlier; there are 22 production benches with 20 assembly procedures for this
subassembly. Therefore, the manpower model has more cases to be simulated. A total of 8 cases
were simulated with different manpower levels. The manpower was varied from 2 to 14
operators. Since some of the tools can handle 10 in-process parts at the same time, the batch size
was fixed to 10. Three of the simulated models are shown in this section (Tables 4.15 through
4.17). The rest of the tables will be listed in the appendix (pages 69 through 73).
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Table 4-15: Manpower Model for the Catheter Subassembly-12 Operators (Model CT-12)
El 3.1 1.20
E2 3.2 1.50 Operator-I
E3 3.2/3.3 2.94 Operator-2
E4 3.3/3.4 3.32 Operator-3
E5 3.5 3.69 Operator-4
E6 2.4/2.5 2.07
Operator-5
E7 2.3 0.92
E8 4.3 2.35
E9 4Operator-6
E9 If 4.3 If 1.0
E10 4.3 4.0
Operator-7
Eli 4.3 0.25
E12 4.1/4.2 4.89 Operator-8
E13 2.3 0.39
E14 2.2 
1.0 Operator-9
E15 1.1/1.2 1.74
__________________IL'~ Operator-i10
E16 2.1/2.2 2.40
E17 1.2 2.07
E18 1.3 1.48 Operator-11
E19 1.4 0.37
E20 1.4/1.5/1.6 1.90 Operator-12
* For one part.
The bottle neck for this model (CT-12) will be the procedure E12 done by Operator-8. The
rest of the operators are assigned to procedure(s) with shorter total time.
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Table 4-16: Manpower Model for the Catheter Subassembly-10 Operators (Model CT-10)
El 3.1 1.20
E2 3.2 1.50
E3 3.2/3.3 2.94
Operator-i
E4 3.3/3.4 3.32 Operator-2
E5 3.5 3.69 Operator-3
E6 2.4/2.5 2.07
Operator-4
E7 2.3 0.92
E8 4.3 2.35
Operator-5
E9 4.3 1.0
E10 4.3 4.0
Operator-6
Eli 4.3 0.25
E12 4.1/4.2 4.89 Operator-7
E13 2.3 0.39
E14 2.2 1.0 Operator-8
E15 1.1/1.2 1.74
E16 2.1/2.2 2.40 Operator-9
E17 1.2 2.07
E18 1.3 1.48
E19 1.4 0.37
E20 1.4/1.5/1.6 1.90
* For one part.
Considering the factors highlighted in section 4.2.2, 60 seconds should be added for the
travel time between adjacent rows, and 75 seconds should be added if the rows are not
adjacent. Therefore, the distribution shown in Table 4-16 is the optimal one that will result
in the shortest possible bottle neck with 10 available operators. In fact, the bottle neck will
be the procedures done by operator-10 with a total time of 5.82 minutes.
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Table 4-17: Manpower Model for the Catheter Subassembly-4 Operators (Model CT-4)
El 3.1 1.20
E2 3.2 1.50
E3 3.2/3.3 2.94
E4 3.3/3.4 3.32
E5 3.5 3.69
Operator-i
E6 2.4/2.5 2.07
E7 2.3 0.92
E8 4.3 2.35 Operator-2
E9 4.3 1.0
E10 4.3 4.0
Eli 4.3 0.25
E12 4.1/4.2 4.89
Operator-3
E13 2.3 0.39
E14 2.2 1.0
E15 1.1/1.2 1.74
E16 2.1/2.2 2.40
E17 1.2 2.07 Operator-4
E18 1.3 1.48
E19 j[ 1.4 0.37
E20 1.4/1.5/1.61 1.90
* For one part.
Considering the same factors, the bottle neck for this model (CT-4) will be the procedures done
by operator-I with a total time of 12.65 minutes.
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5. Results and Discussion
Chapter 5 is divided into two main sections. Section 5.1 discusses the results of the floor
reduction scope. While Section 5.2 presents the results and discussion of the manpower analysis.
5.1. Occlusion System 's Floor Reduction Results
In the following subsections, the results of the occlusion system's floor reduction scope will be
shown and discussed. Sections 5.1.1 through 5.1.3 cover the proposed and selected layouts, new
replenishment strategy, as well as the movement plan to shift from the current to the new layout.
5.1.1. Proposed Layouts
Following the guidelines provided in Chapter 2 (Problem Statement) and the approaches that
were discussed in Chapter 4 (Methodology), the team came up with 3 different proposals for the
new layout (the other related theses [1], [2], and [3] show a fourth design that utilizes the same
concept as Design C. Both of them are at the early stage of design, therefore, only Design C is
discussed here). Each proposal has different compliance levels with the evaluation criteria. These
proposed designs are described in the following paragraphs:
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Design A:
This design consists of 25 production benches distributed over 6 rows and saves an area of 476
ft. The saved area is highlighted with the orange color in Figure 5-1. This layout depends
heavily on the supermarket decentralization principle (Chapter 4). It requires minor technical
verification and minimal investment.
Figure 5-1: Design A Layout
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Design B:
This design is shown in Figure 5-2 and consists of 24 production benches distributed over 5 rows
and saves an area of 400 ft2 (highlighted with orange color). This layout depends on the
equipment sharing concept as well as the supermarket decentralization principle (Chapter 4). As
shown in the product family matrix (Table 4.1), there are many tools and equipment that can be
shared between the accessory and syringe subassemblies. Therefore, they were combined in one
production line (the first one from the right) while keeping the rest of the subassemblies
unchanged. Similar to Design A, this design requires minor technical verification and minimal
investment requirements; however, it will result in reducing the production rate of both accessory
and syringe subassemblies due to the shared equipment and tools.
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Design C (U Shape Cells):
This design is shown in Figure 5-3 and consists of 25 production benches distributed over 4 cells
and saves an area of 300 ft2 (highlighted with orange color). This layout depends on the U shape
cells concept as well as the supermarket decentralization principle. Unlike designs A and B, this
design has major technical concerns and more investment requirements. The technical concerns
will be mainly for the catheter subassembly because it requires a relatively long horizontal space
that will be reduced significantly in this design. Moreover, the production rate for all
subassemblies will be an area of concern that needs to be verified.
Figure 5-3: Design C Layout
48
5.1.2. Layout Selection
All proposals were presented, discussed, and evaluated with the management, technical staff, and
operators in different meetings. Design A was selected due to the following:
0 It provides the maximum saved area.
* It provides the best utilization of the saved area, where a total of 10 six-foot production
benches can be introduced in the saved area as shown in Figure 5-4.
" It has the minimum cost required to purchase the needed items.
* It will result in reducing the required maintenance time as a result of combining some
tools and equipment.
* It can be implemented with minimum distraction to the adjeacent production lines.
Figure 5-4: Saved Area Utilization for Design A
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5.1.3. New Replenishment Strategy
The components for the occlusion system, which are stored in a centralized supermarket in the
original design, will be decentralized and distributed to the corresponding working bench in the
new proposed design (Design A). Therefore, a new replenishment strategy was proposed by the
team for the occlusion system's components.
The proposed strategy simplifies the replenishment process of the decentralized bins by
gathering magnetic Kanban cards of empty or low part level bins to the visual management
board at the end of the day. Since supermarket bins are decentralized, the operators will monitor
the supermarket inventory level on their workbenches and give signals for replenishment at the
end of the day. At the usual afternoon inspection time, the warehouse personnel will take away
the Kanban cards on the visual management board. Next morning, the warehouse personnel will
bring the inventory to replenish the bins according to the locating bench number on the Kanban
cards. Gathering the Kanban cards in one location is easier for the warehouse personnel.
Figures 5-5 and 5-6 show samples of the bench numbering labels and the new Kanban cards
design. More details about the replenishment strategy can be found in Yang's thesis [1].
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Figure 5-5: Bench Numbering Label (Row 1, Bench1)
Figure 5-6: Kanban Card Sample (Row 1, Bench1)
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5.1.4. Movement Plan
In order to ensure smooth transformation process from the existing to the new layout, a detailed
movement plan was prepared by the team that covers all the requirement and procedure. This
plan provides the necessary numbering system, dimensioned drawings for current and new
layout, needed items for movement, modifications description, new replenishment strategy, IQ
and calibration requirements, and new layout bench details.
The plan consists of 62 pages, and part of it is included in the appendix (pages 74-83).
5.2. Manpower Analysis Results
In the following subsections, the results of the manpower analysis of each subassembly will be
shown and discussed. Sections 5.2.1 through 5.1.5 cover the findings on the different
subassemblies and summarize the recommendations for the manpower and cross training
requirements for the occlusion system product.
5.2.1. Syringe
Based on the models described in section 4.2.2.1, the daily production rates for the different
models were calculated. Table 5-1 summarizes the results of the models.
Table 5-1: Simulation Results for the Syringe's Models
SY-1 1 12.79 min 28
SY-2 2 9.21 min 42
SY-3 3 5.94 min 69
SY-4 4 3.58 min 92
SY-5 5 3.36 min 98
SY-6 [ 6 3.27 min 101
* Corresponds to the finished goods within 6 hours
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From Table 5-1, it is clear that increasing the manpower will result in increasing the production
rate. If the number of the operators is increased from 1 to 2, the production rate of the syringe
will decrease by 50%. Table 5-2 summarizes the production rate improvements that would result
from shifting from one model to the next one.
Table 5-2: Production Rate Improvement over Different Manpower Models for the Syringe
Shifting from/to Production Rate Increase Production Rate Increase(Synnge/day) (%) I
From SY-1 to SY-2 14 50%
From SY-2 to SY-3 27 64.3%
From SY-3 to SY-4 23 33.3%
From SY-4 to SY-5 6 6.5%
From SY-5 to SY-6 3 3.1%
Compared to the average production rates for the past few months (25 parts/day), assigning one
operator to this subassembly is recommended. In fact, the utilization of the operator's time
working on this line with a target of 25 parts per day can be calculated using the following
equation:
Production Hours 5.33 hoursUtilization = = = 88.8% (1)Availabe Hours 6 hours
Moreover, Figures 5-7 shows the required working hours needed to produce different demands
for the 6 models. This chart helps the management to decide on the required manpower based on
the yearly forecast of this subassembly. For example, the line leader would know that to produce
50 syringe parts, it will take around 630 working minutes (10.5 working hours) when adopting
model SY-1 and it will take around 425 minutes (7.1 working hours) when adopting model SY-2
for the same production target.
Note: Despite the increase in the production rate that will result from adding more operators
(until 6 operators), the line management should consider more labor cost and lower utilization
rates of the operators as well. These two factors were not quantified in this study, and they will
be good area to be considered for future work.
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Figure 5-7: Finished Parts versus Required Time for different Syringe's Models
5.2.2. Accessory
Based on the models described in section 4.2.2.2, the daily production rates for the different
models were calculated. Table 5-3 summarizes the results of the models.
Table 5-3: Simulation Results for the Accessory's Models
AC-1 ]l 1 1 15.47 min 13
AC-2 2 8 min 43
AC-3 3 ]E8 min 4
* Corresponds to the finished goods within 6 hours
As shown in Table 5-3, if the number of the operators is increased from 1 to 2, the average
production rate of the accessory will increase by 230.8%, while increasing the number of
operators from 2 to 3 will not result in increasing the production rate because the process bottle
neck will be the same.
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Compared to the average production rates for the past few months (25 parts/day), assigning one
operator for this subassembly will not be enough to meet the demand. However, assigning two
operators will result in relatively low utilization of the manpower. This situation will be good
area where adopting cross training concept is a useful option as will be detailed in section 5.2.5.
Moreover, Figures 5-8 shows the required working hours needed to produce different demands
for the 3 models. This chart will help the occlusion system management to decide on the required
manpower based on the yearly forecast of this subassembly.
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Figure 5-8: Finished Parts versus Required Time for the Accessory's Models
The effect of the batch size (=25) can be noticed on jump of model AC-I curve after producing
the 25* part. Moreover, the required time to see the first finished part out of models AC-1 and
AC-2 are significantly greater than the corresponding time of model AC-3, which can be
attributed also to the batch sizes difference.
Note: Despite the increase in the production rate that will result from adding more operators
(until 3 operators), the line management should consider more labor cost and lower utilization
rates of the operators as well. These two factors were not quantified in this study, and they will
be good area to be considered for future work.
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5.2.3. Sheath
Based on the models described in section 4.2.2.3, the daily production rates for the different
models were calculated. Table 5-4 summarizes the results of the models.
Table 5-4: Simulation Results for the Sheath's Models
Duration of the Bottle Neck Average rate*Model No. of operators .Mnp rt(mm/part) (parts/day)
SH-1 1 3.83 min 94
SH-2 2 2.13 min 168
SH-3 3 1.70 mm 210
* Corresponds to the finished goods within 6 hours
From Table 5-4, it is clear that increasing the manpower from 1 to 3 will result in increasing the
production rate. If the number of the operators is increased from 1 to 2, the production rate of the
sheath will increase by 78.7%, while increasing the number of operators from 2 to 3 will result in
25% increase in the production rate.
Compared to the production rates for the past few months (25 parts/day), assigning 1 operator is
more than enough to run this subassembly line. In fact, the utilization of the operator's time
working on this line with a target of 25 parts per day can be calculated using the following
equation:
Production Hours 1.6 hours
Utilization = =________-____ = 26.7% (2)Availabe Hours 6 hours
This is relatively low utilization rate, and this is possible to train the operator on this
subassembly to work on other production lines.
Moreover, Figure 5-9 below shows the production rate for the 3 models. This chart will help the
management to decide on the required manpower based on the yearly forecast of this
subassembly.
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Figure 5-9: Finished Parts versus Required Time for the Sheath's Models
Note: Despite the increase in the production rate that will result from adding more operators
(until 3 operators), the line management should consider more labor cost and lower utilization
rates of the operators as well. These two factors were not quantified in this study, and they will
be good area to be considered for future work.
5.2.4. Catheter
Based on the models described in section 4.2.2.4, the daily production rates for the different
models were calculated. Table 5-5 summarizes the results of the models.
Table 5-5: Simulation Results for the Catheter's Models
CT-2 2 23.23 min 16
CT-3 3 15.63 min 22
CT-4 4 12.65 min 28
CT-6 6 9.96 min 35
CT-8 8 7.01 min 51
CT-10 10 5.82 min 62
CT-12 12 4.89 min 73
CT-14 14 4.89 min 73
* Corresponds to the finished goods within 6 hours
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From Table 5-5, it is clear that increasing the manpower will result in increasing the production
rate until certain level. If the number of the operators is increased from 2 to 3, the production rate
of the catheter will increase by 37.5%. Table 5-6 summarizes the cycle time improvements that
would result from shifting from one model to the next one.
Table 5-6: Cycle Time Improvement over Different Manpower Models for the Catheter
From CT-2 to CT-3 6 37.5 %
From CT-3 to CT-4 6 27.3 %
From CT-4 to CT-6 7 25 %
From CT-6 to CT-8 16 45.7%
From CT-8 to CT-10 11 21.6%
From CT-10 to CT-12 11 17.7%
From CT-12 to CT-14 0 0%
For the current average production rate (25 catheters/day), it is recommended that the catheter's
production line adopts model CT-4. In addition, the results show that the maximum production
rate for the current layout will be 73 catheters/day with 12 operators working on the line. Adding
more operators will not lead to a production rate increment unless more production benches were
added or more efficient layout is introduced.
Figure 5-10 shows the required working hours needed to produce different demands for the first
7 models versus time. This chart will help the management to decide on the required manpower
based on the yearly forecast of this subassembly.
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Figure 5-10: Finished Parts versus Required Time for different Catheter's Models
Note: Despite the increase in the production rate that will result from adding more operators
(until a 12 operators), the line management should consider more labor cost and lower utilization
rates of the operators as well. These two factors were not quantified in this study, and they will
be good area to be considered for future work.
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5.2.5. Manpower Recommendations
The following recommendations summarize the results that were discussed in the previous
sections of this chapter:
* Based on the current layout, tools, and equipment, the maximum production rates along
with the corresponding manpower requirement are shown in Table 5-7:
Table 5-7: Maximum Production Rates with Manpower Requirements for the Occlusion System
Syringe 101 6
Accessory 43 2
Sheath 210 3
Catheter 73 12
Since the occlusion system kit consists of 1 part of each subassembly, the maximum
occlusion system's production rate will corresponds to the production rate of the
accessory subassembly (43 kits/day).
* Based on the average demand in the past few months (25 kits/day), it is recommended
that the company utilizes the manpower models shown in Table 5.8:
Table 5-8: Recommended Manpower Models for the Occlusion System's Subassemblies
Subassembly Recommended Model
Syringe SY-1
Accessory AC-1 and AC-2
Sheath SH-1
Catheter CT-4
The total number of operators at the different subassembly will be 7. The recommended
models for the accessory subassembly in Table 5-8 are based on the assumption that the
operator working at the sheath subassembly is trained to work at the accessory
subassembly every other day. Adopting these models will be enough to meet the demand
with minimum manpower levels and cost.
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* Based on the current demand and the current operators' utilization observed at the
different subassemblies, the following cross training are recommended:
Table 5-9: Cross Training Recommendations for the Occlusion System's Subassemblies
Required Cross Training
Operators Working at
Syringe Accessory Sheath Catheter
S 'n e Yes No No
Accesso No No No
Sheath Yes YsYes
Catheter No No No
In Table 5-9, "Yes" means that there is relatively high possibility that such cross training
will be useful during different periods in the year. Therefore, it will be good investment
decision to have such flexibility in the production system. On the other hand, "No" means
that there is relatively low possibility that such cross training will be utilized, therefore,
investing in might not have a good return on investment. Following this recommendation
will result in increasing the manpower utilization and production flexibility.
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6. Conclusion and Future Work
6.1. Conclusion
A new floor design was developed for the occlusion system product. This layout will save 476 ft2
in the production floor that can be utilized to introduce another assembly line. A total of 10 six-
foot benches along with the required safety distances can fit in the saved space. In addition, new
replenishment strategy was proposed after decentralizing the Supermarkets. This strategy will
save the time for the operators to collect the needed parts every day and will eliminate double
inventory cases (at the Supermarkets and working benches).
In parallel to the floor reduction scope, the manpower of the occlusion system was subjected to a
detailed analysis. Several models were created for each subassembly with different numbers of
operators and batch sizes. Also, certain models and cross training requirements were provided
for the current production rates of the occlusion system. Models SY-1, AC-1 & AC-2, SH-1, and
CT-4 were recommended for the syringe, accessory, sheath, and catheter subassemblies
respectively at the current average production rate (25 kits/day). In addition, it was
recommended to have the operator working at the sheath subassembly trained to work on the
accessory, syringe, and catheter subassemblies to provide the support as needed. Furthermore,
the detailed models simulation results were provided to help the management to select the right
model for different production rates and to know the maximum capacity of the line with the
existing layout, equipment, and tools.
6.2. Lesson Learned
During the project time, there were some obstacles and observations that turned out to be great
lessons for the team and the company. At the early stages of the project, the team depended
heavily on the developed SolidWorks models to simulate and verify the new design proposals.
Despite the accuracy of the measurements that were taken at the floor and utilized in the
software, there were many factors identified at later stages and resulted in major revisions to the
proposals. An example of those factors is the location of air ducts at the production floor's
ceiling. Some designs proposed new locations for benches that contain fume hood, which
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apparently has no technical issues, however, during a walkthrough to review those proposals, the
team identified that connecting the fume hood to the air duct at the new location requires major
modification work for the existing air ducts. Therefore, the proposals were revised to overcome
this obstacle that could be avoided if the proposed movement was verified at the production floor
before proceeding into more design details.
From the company side, the major lesson learned was recognizing the need for periodic reviews
to be done for the standard batch sizes of the parts inventory. The demand for the occlusion
system product declined significantly over the past period, while the batch sizes of the parts
inventory remain the same, which resulted in having 10 days of inventory for some of the parts at
the production floor and consumed significant space.
6.3. Future Work
There is a great deal of additional work that can be done to have more options and further insight
into the scopes of this thesis.
New floor designs can be explored and proposed utilizing different manufacturing concepts (like
job shop concept). Moreover, the effect of each design on the production capacity can be studied
and analyzed. Such study may include saved area versus production rate analysis, which will be
extremely useful to the company's management to select the most efficient design based on the
forecasted demands.
Further research can be done for the manpower and cycle time of the occlusion system product.
Analyzing the utilization time and the labor cost of each manpower model and comparing it with
the industry standards can be explored. Moreover, the production rate improvement for the
different subassemblies can be achieved by introducing new tools and equipment that shift the
manual assembly processes to automated ones.
The inventory side of the production system will be a good area to conduct further studies. In-
process inventory versus different batch sizes and manpower distributions can be analyzed. Also,
studying and enhancing the global supply chain cycle for the occlusion system product is another
area of research that could result in significant savings and better customer service levels for the
company.
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Table A-1: Detailed Asset List of the Occlusion system Production Line
I Oven for Balloon TD532820 27.5*25.3*35 1.1 Check unecK
Microscope 126736 13*29*20 1.1 110V N/A
Laser Micrometer TD581101 24.4*9*9.5 1.1 110V N/A
Four Fixtures for Balloon EQ1400C-F 8*13*8 1.1 N/A N/A
EFD EQ12400 - 1.1/1.2 11OV Air
Sander EQ12361 - 1.2 110V N/A
Ultrasonic Cleaner EQ12421 13*12*11.75 1.2 110V N/A
Blow Machine EQ1237K 9.9*6*7.9 1.2 110V Air
Blow Machine E-630 9.9*6*7.9 1.2 110V Air
Panel on top of Blow Machine TD53381A 11.1*8.3*4 1.2 110V Air
Microscope 100301 13*29*20 1.2 110V N/A
Blow Machine E-630 9.9*6*7.9 1.2 1 1OV Air
Panel on top of Blow Machine TD53541A 11.1*8.3*4 1.2 1 1OV Air
Spare Part for Fixture N/A 8*14*4 1.2 N/A N/A
Microscope Base EQ2252B 24*18*18 1.3 110V Air
Microscope Base EQ2252C 24*18*18 1.3 110V Air
Yellow Equipment EQ2423D 6*6*18 1.3 1 1OV Air
Novacure Machine EQ1464C 17*11*6 1.3 110V N/A
Novacure Machine EQ1464D 17*11*6 1.3 110V N/A
Microscope with fixture A 89132 32*18*16 1.3 110V N/A
Microscope with fixture B 126728 32*18*16 1.3 110V N/A
Yellow Equipment EQ2423B 6*6*18 1.4 11 OV Air
Microscope 126676 13*29*20 1.4 1l0V N/A
Laser Micrometer TD5811OV 24.4*9*9.5 1.5 110V N/A
Tool Box N/A 17*11*11 1.5 N/A N/A
Nikon Measurescope N/A 17*13*22 1.6 110V N/A
Panasonic Image Equipment N/A 20*10.5*12 1.6 1 1OV N/A
Ram Optical with Computer EQ1256D 36*30*34 1.7 1 1OV N/A
Microscope with a fixture 126621 24*18*17 2.1 110V N/A
Novacure Machine EQ1464G 17*11*6 2.1 110V N/A
Yellow Equipment N/A 6*6*18 2.1 11OV Air
Fixture EQ2252D 24*18*16 2.1 110V Air
Microscope 126677 13*29*20 2.1 1l0V N/A
Volume Static Eliminator SDCO11 13.5*11*10 2.1 1l0V N/A
Heater EQ2258C 6*14*4 2.2 N/A N/A
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Microscope 126662 13*29*20 2.2 110V N/A
Blow Machine ]EQ1237F 9.9*6*7.9 2.2 110V Air
Blow Machine EQ12371 9.9*6*7.9 2.2 110V Air
Laser Micrometer TD581 ION 24.4*9*9.5 ]2.2 11V N/A
Proofloader 58075 1148*22*21.5 12.3 I1OV Air
Microscope 1100294 113*29*20 2.3 I1OV N/A
Microscope Base TD54093A 14*10*15 2.4 110V Air
Microscope 126668 13*29*20 2.4 11OV N/A
Microscope 126738 13*29*20 2.4 1 1OV N/A
[Microscope _ __ _ 13*29*20 112.4 110V N/A
Seal insertion Machine 126888 1132*24*26 -]12.5 110V Air
Chatillon TD54887 9*4*2 2.5 110V N/A
Microscope+Machine 126675 j 41*25*27 2.5 f11V N/A
EDM Machine 1[TD53251B 26*26*39 I_3.1 Check Complex
Medical Waste Container N/A dia: 17* height: 3.1 N/A N/A
_20
Pressure Regulaor EQ1253E 7*8*4 3.2 1 1OV Air
Sander IEQ1236B If6*6*7 If3.2 11OV N/A
Microscope 126729 1113*29*20 f3.2 110V N/A
Microscope 126735 113*29*20 3.2 If110V N/A
EDM Control Panel TD53251B 12.3*17*18 3.2 110V Complex
Ultrasonic Cleaner underneath USC 169 22*31*18 3.2 110V N/A
the table _ _ _ _ _ _ _ _ k
Alcohol-Air Supply IfTD55786A - 3.3 JfCheck Check
Automatic Cleaner EQ1477A f14*10*5 13.3 11V IAir
Flushing Patency Space IFEQ1305B [33*24*74 13.4 Check [Check
Laser meter TD5811OF 24*7*10 3.5 Not Not existing
_________ __ __ _existing
Plastic Fume Hood (thicker) If N/A 24*9*14 3.5 N/A N/A
Humidifier AOS001 Jf14*7*18 JF3.5 11OV [N/A
Microscope 126764 12*24*18 3.5 I110V N/A
Equipment JEQ1240L If7*6* 12 3.5 I11OV Air
Acids and Corrosives N/A 20*18*21 3.6 N/A [N/A
Waste Rejected 1f N/A If24*16*18.5 13.6 N/A [N/A
Microscope in a fume hood 126181 24*11*14 4.1 110V N/A
USC IUSC 160 J[ 13*12*11.8 1f4.1 11oV fN/A
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N/AMicroscope 126734 13*29*20 2.2 110V
Laser Micrometer TD581101 24*9* 14 4.2 Not Not existing
existing
Humidifier AOS002 14*7*18 4.2 110V N/A
Microscope in a fume hood 126664 36*19*19 4.2 110V N/A
Shape Plug a EQ1280B 23*14*8.5 4.3 110V Air
Microscope 126730 13 *29*20 4.3 Not Not existing
existing
Shape Plug b EQ1453A 12*20*14 4.3 110V Air
Gra Lab 545 N/A 10*4*5 4.4 110V N/A
Epoxy Gray Box EQ1240E - 4.4 1 10V Air
Air Blower 126619 12*10*8 4.4 110V Air
Sheath a N/A 27*18*13 4.4 110V N/A
Sheath b N/A 15.5*7*10.5 4.4 110V N/A
Sheath c N/A 14*7*18 4.4 110V N/A
Sheath AB N/A - 4.4 110V N/A
Fiber Optic Illuminator N/A 7*5*8 4.5 1 1OV N/A
Sheath 2a TD52533A 15.25*9*21 4.5 110V Air
Sheath 2b N/A 24*22*14 4.5 110V N/A
Sheath 2c N/A 8.5*8.5*3 4.5 1lOV N/A
Plastic Fume Hood N/A 24*16*16 5.1 N/A N/A
Ultrasonic Cleaner TD53862B 13*13*12 5.1 110V N/A
Press Machine EQ20871 6*10*19 5.1 N/A N/A
Epoxy Black Tower, w/o Base EQ1240G 3*6*11 5.1 1 1OV Air
Epoxy Black Tower, w/ Base EQ1240A 7*6*12 5.1 110V Air
Plastic Fume Hood N/A 24*16*16 5.2 N/A N/A
UV Curing Machine TD51436B 54*18*27 5.2 N/A N/A
Plastic Fume Hood N/A 24*16*16 5.3 N/A N/A
Slider Pad and Mid Pad EQ1274D,E 8*6*4 5.3 110V Air
Black Machine EQ 1240U 7*6*12 5.3 110V Air
Plastic Fume Hood (thicker N/A 24*12*14 5.3 N/A N/A
plastic)
Press Machine TD538221/01 6*10*19 5.5 N/A N/A
Plastic Fume Hood N/A 24*16*16 5.5 N/A N/A
Testing Equipment EQ1256G 20.5*20.5*26 6.1 1 1OV N/A
Accessories for Testing N/A 7*9.5*7 6.1 110V N/A
Equipment
Inspection Computer and N/A 36*30*18 6.1 1 1OV N/A
Monitor I__I __II__I
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Air Supply/ Press Control EQ1253C 7*7.5*4 6.2 110V Air
Equipment EQ1465A 24*6.5*4.5 6.2 110V N/A
Equipment Inside the UV EQ2449A/ 8*9*9 6.3 11OV N/A
Bonding EQ1496A
UV Bonding UVH001 21*16*12 6.3 11OV N/A
EFOS Acticure EQ1241C ]12*11*6 1_6.3 110V N/A
Pressure Control above UV EQ1253A 7*7.5*4 6.3 110V Air
Bond
Equipment IIEQ2170A 114*14*11 16.3 110V Air
Top Gun on Stand Support TD58103 5.5*4*7.5 6.3 110V Air
Pressing Machine IIEQ2087A j7*12*17 6.4 N/A N/A
Pressing Machine EQ2087B 117*12*17 6.4 N/A N/A
Pressing Machine TD 129877A 117*5*15 6.4 N/A N/A
Fume Hood "Thick" NA 1130*9*14 1_6.4 N/A N/A
Top Gun Shelf TD50653C 7*5*5 6.4 110V Air
Small Press Over the Shelf EQ 2251A 2.5*6*4 16.4 N/A N/A
Small Press Over the Shelf jIEQ 2251B 12.5*6*4 16.4 N/A N/A
Small Press Over the Shelf TD53738A 112.5*6*6 6.4 N/A N/A
Small Press Over the Shelf TD53738B 2.5*6*6 6.4 N/A N/A
EFD 2000 XL on Fume Hood IEQ1274 J[7.5*6*3 J6.4 110V Air
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6.2 N/A IN/AIFume Hood N/A 28*11*14
Table A-2: Manpower Model for the Catheter Subassembly-14 Operators (Model CT-14)
El 3.1 1.20
Operator-i
E2 3.2 1.50
E3 3.2/3.3 2.94 Operator-2
E4 3.3/3.4 3.32 Operator-3
E5 3.5 3.69 Operator-4
E6 2.4/2.5 2.07
Operator-5
E7 2.3 0.92
E8 4.3 2.35
Operator-6
E9 4.3 1.0
E10 4.3 4.0
Operator-7
Eli 4.3 0.25
E12 4.1/4.2 4.89 Operator-8
E13 2.3 0.39
Operator-9
E14 2.2 1.0
E15 1.1/1.2 1.74 Operator-10
E16 2.1/2.2 2.40 Operator-Il
E17 1.2 2.07 Operator-12
E18 1.3 1.48
Operator- 13
E19 1.4 0.37
E20 1.4/1.5/1.6 1.90 Operator-14
* For one part with batch size = 10.
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Table A-3: Manpower Model for the Catheter Subassembly-8 Operators (Model CT-8)
El 3.1 1.20
E2 3.2 1.50
E3 3.2/3.3 2.94
Operator-i
E4 3.3/3.4 3.32
Operator-2
E5 3.5 3.69
E6 2.4/2.5 2.07
E7 2.3 0.92
E8 4.3 2.35 Operator-4
E9 4.3 1.0
E10 4.3 4.0
Operator-5
Eli 4.3 0.25
E12 4.1/4.2 4.89
E13 2.3 0.39 Operator-6
E14 2.2 1.0
E15 1.1/1.2 1.74
Operator-7
E16 2.1/2.2 2.40
E17 1.2 2.07
E18 1.3 1.48 Operator-8
E19 1.4 0.37
E20 1.4/1.5/1.6 1.90
* For one part with batch size = 10.
70
Table A-4: Manpower Model for the Catheter Subassembly-6 Operators (Model CT-6)
El 3.1 1.20
E2 [ 3.2 1 1.50
E3 3.2/3.3 2.94
Operator-i
E4 3.3/3.4 3.32
Operator-2
E5 3.5 3.69
E6 2.4/2.5 2.07
E7 2.3 0.92
Operator-3
E8 4.3 2.35
E9 4.3 1.0
E10 4.3 4.0
Operator-4
Eli 4.3 0.25
E12 4.1/4.2 4.89
E13 2.3 0.39 Operator-5
E14 2.2 1.0
E15 1.1/1.2 1.74
E16 2.1/2.2 2.40
E17 1.2 2.07 Operator-6
E18 1.3 1.48
E19 1.4 0.37
E20 1.4/1.5/1.6 1.90
* For one part with batch size = 10.
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Table A-5: Manpower Model for the Catheter Subassembly-3 Operators (Model CT-3)
El 3.1 1.20
E2 3.2 1.50
E3 3.2/3.3 2.94
E4 3.3/3.4 3.32
E5 3.5 3.69
E6 2.4/2.5 2.07
E7
E8
2.3
4.3
0.92
2.35
E9 4.3 1.0
E10 4.3 4.0
Eli 4.3 0.25
E12 4.1/4.2 4.89
E13 2.3 0.39
E14 2.2 1.0
Operator-1
Operator-2
E15 1.1/1.2 1.74
E16 2.1/2.2 2.40
E17 1.2 2.07 Operator-3
E18 1.3 1.48
E19 1.4 0.37
E20 1.4/1.5/1.6 1.90
* For one part with batch size = 10.
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Table A-6: Manpower Model for the Catheter Subassembly-2 Operators (Model CT-2)
El 3.1 1.20
E2 3.2 1.50
E3 3.2/3.3 2.94
E4 3.3/3.4 3.32
E5 3.5 3.69
E6 2.4/2.5 2.07
E7 2.3 0.92
E8 4.3 2.35
E9 4.3 1.0
E10 4.3 4.0
Eli
E12
4.3 0.25
i 0 'I
4.1/4.2 4.89
E13 2.3 0.39
E14 2.2 1.0
E15 1.1/1.2 1.74
E16 2.1/2.2 2.40
E17 1.2 2.07
E18 1.3 1.48
E19 1.4 0.37
E20 1.4/1.5/1.6 1.90
Operator-i
Operator-2
* For one part with batch size = 10.
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Selected Sections from the Floor Reduction Package:
Benches Labeling (Existing Layout):
Table 1 and Figures 1 and 2 show the labeling system that will be used through this report.
Catheter 1
1.1 N3.1
1.2 N3.2
1.3 N3.3
1.4 N3.4
1.5 N3.5
1.6 N3.6
1.7 N3.7
2.1 N2.1
2.2 N2.2
2.3 N2.3
Catheter 2 2.4 N2.4
2.5 N2.5
2.6 Eliminated
3.1 N1.1
3.2 N1.2
Catheter 3 3.3 N1.33.4 NIA.
3.5 N1.5
3.6 N1.6
4.1 N5.4
4.2 Eliminated
Coil and Core + 4.3 N5.3
Sheath 4 4.4 N6.1
4.5 N6.2
4.6 N6.3
4.7 Eliminated
5.1 N4.3
5.2 N4.2
5.3 N4.1
Accessory 5 5.4 N5.1
5.5 N5.2
5.6 N5.5
5.7 Eliminated
6.1 N4.6
6.2 Eliminated
6.3 N4.4
Syringe 6 6.4 N4.5
6.5 Eliminated
6.6 N5.6
6.7 Eliminated
7.1 Eliminated
7.2 Eliminated
Accessory/Syringe 7 7.3 Eliminated
Supermarket 7.4 Eliminated
7.5 N6.4
7.6 Eliminated
Tensile Test 8 8.1 N7.1
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1.1
1.2
1.3
1.4
1.5
1.6
1.7
2.1
2.2
2.3
2.4:
2.5:
3.1
3.2
3.3
3.5
3.6
4.1
4.2
4.3
4.4
4.5
5.1
5.2
5.3
5.4
5.5
5.6
5.7
6.1
6.2
6.3
6.4
6.5
6.7
8.1
Figure 1: Current Occlusion system floor with bench labeling
75
7.1
7.2
7.3
7.4
7.5
N1.1
N1.2
N1.--
N1.!
N1.E
N2.1
N2.2
N2.2
2.4
2.5
2.6
E
N3.1
N3.2
N3.-
N3.4
N3..
N3.(
N4.1
N4.:
N4..
N4.4
N4.!
N4.6
N5.1
N5.2
q5.3
q5.4
N6.1
N6.2
N6.3
N6.4
Figure x: Proposed layout of the Occlusion system floor with new bench labeling
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I N7.1 I
Movements Summary
Refer to Figures 3 and 4 for the existing and new layout of the production floor. Moreover, Table 2 documents the
changes that will take place on the affected benches (other than changing the location). The bench number column
refers to the current layout grid numbers as seen in Figure 1.
Table x: Changes on Affected Benches
1.5
2.6
4.2
Replace the 6 ft
bench with a 4 ft
one.
Combine it with the
fridge at the
coating room
(1U3401) and
eliminate its bench.
Replace the fume
hood with a cone to
be located on 4.3
and remove the 6ft
bench (4.2)
(Suggested by Anh
During the
walkthrough)
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Bench
Fridge
Bench
Catheter
Catheter
Catheter
Working benches
Cabinet
Catheter
Sheath
4.1/4.3
4.7
Replace these two
benches (6ft) with
two 5ft benches.
Decentralize the
content of the
cabinet to 2 small
drawers to be
placed underneath
bench (N4.2)
Combine the fumeAccessory
Fume hoods 5.5 hood with the one
production line at 5. 1.
Replace the 6ft
bench (5.4) with a
5ft one.
Accessory Relocate the
Bench .5.4/5.5production line benches 5.4 and 5.5
to their new
locations shown in
Figure 2 (N5.1 and
N5.2 respectively)
Refer to Figures 1 & 2.
a.
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Computer Desk
Catheter
Supermarket
Fume hood
Accessory
production line
Accessory
production line
Syringe
production line
5.6
5.7
6.2
Replace it with the
other computer
desk (6.5) and
relocate this desk to
row 6 as shown in
figure 2 (N6.3).
Decentralize the
supermarket by
relocating the bins
to be at the
catheter's benches
as detailed in the
benches details
section.
Remove the fume
hood and utilize the
one on bench 6.4.
I: I
I
.1
Syringe 6.1/6.2/ Replace a total of
Working benches production line 6.3/6.4 four 5ft benches Refer to Figures 1 & 2.
with three 6ft ones.
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Cabinets (2EA)
Computer desk
Finished goods
inventory
Syringe
production line
Accessory/Syring
e supermarket
Accessory/Syring
e supermarket
6.7
7.2
7.3
Move them to the
technician's area
Relocate it to be
outside the
Occlusion system
floor.
Take away the
shelves and
relocate the boxes
(8 EA) to be
underneath benches
of the tensile test
equipment and
Syringe inspection
bench (N4.6)
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Accessory/Syringe
Supermarket
Accessory/Syring
e supermarket
area
7.4
Decentralize the
supermarket by
relocating the bins
to be at the
Accessory/Syringe
benches as detailed
in the benches
details section.
Relocate the
equipment to theTensile Test Accessory/Syring 7.5 new location
Equipment e supermarket N64 ason(N6.4) as shown m
Figure-2
Accessory/Syringe
cabinet
Accessory/Syring
e supermarket 7.6
Decentralize the
content of the
cabinet to 2 small
drawers to be
placed underneath
benches (TBD)
Relocate the
Tensile Test Near Floor equipment to the
Management 8.1 new location
office (N7.1) as shown in
Figure-2
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Needed Items for the Movement
Table x: Parts to be provided
82
New Layout Bench Details
X- Machine, Bench N1.1 - El
Equipment
X-Machine TD53251B 3.1 11OV Complex N1.1
Medical Waste Container N/A 3.1 N/A No Ni.1
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